Introduction
Polymicrobial infections are increasingly being recognized as clinically important in diseases such as inflammatory bowel disease, otitis media, vaginosis, periodontitis and cystic fibrosis (CF) (Brogden et al., 2005) . Understanding the diversity of microorganisms and their interactions during infection is essential to effectively treating these conditions, as infectious microorganisms may participate in a complex ecological community, generating niches used by others, nutritional dependency, or other synergistic or antagonistic relationships (Pedron and Sansonetti, 2008) . CF is a human autosomal recessive disease that in one of its many manifestations results in decreased clearance of mucus from the lungs with concomitant bacterial lung infections (Smith et al., 1996; Gomez and Prince, 2007 ). An ensuing inflammatory response causes progressive lung damage and is the primary cause of CF morbidity and mortality (Lyczak et al., 2002) . Common CF bronchial pathogens, as identified by the traditional method of culturing bacteria from expectorated mucus, include Pseudomonas aeruginosa, Staphylococcus aureus, Burkholderia species and the Streptococcus milleri group (Lyczak et al., 2002; Gibson et al., 2003; Sibley et al., 2008) . Pathogens isolated from the CF lung are traditionally thought to occur as monocultures or as consortia of a small number of species (Wahab et al., 2004; Harrison, 2007) .
However, the CF lung is a stable, warm, humid, organic compound-rich environment with limited microbial clearance, providing favorable conditions for the proliferation of many organisms. Hence, it would be surprising if the presence of only one or a few microorganisms were the rule, rather than the exception. Indeed, recent research showed that the microbial communities present in the CF lung may be more complex. For instance, by using culture media that are not selective for the traditional CF pathogens, several atypical microorganisms have been isolated, including various Bordetella, Ralstonia, Acinetobacter and Moraxella species (Coenye et al., 2002) . Initial culture-independent studies using terminal restriction fragment length polymorphism (T-RFLP) suggested the presence of a greater bacterial diversity than typically cultured from CF patients Sibley et al., 2008) . Although T-RFLP profiles can give a first approximation of the level of diversity, they do not allow unambiguous classification, leaving the microorganisms present unidentified. Recently, 16S rRNA clone library studies of CF lungs described variable community compositions-some dominated by a single known CF pathogen, whereas others contained multiple organisms or organisms not routinely identified as CF pathogens (Harris et al., 2007; Bittar et al., 2008) . Two recent studies used barcoded pyrosequencing methods, each on a single CF sputum sample as a PCR template, but these results were based on Roche GS 20 chemistry (Roche Applied Sciences, Branford, CT, USA) (produces shorter reads; B100 bp) and not analyzed beyond the clustering of sequences by community profile (Hamady et al., 2008; Armougom et al., 2009) .
Microbial diversity assessment is a relatively new application for pyrosequencing and has yielded amazing insights into the community composition in a variety of environments (Sogin et al., 2006; Al Masalma et al., 2009; Price et al., 2009) . In this study, we examine the microbial diversity found within CF patient sputum samples using a polyphasic approach. Phylotypes present in sputum samples were analyzed using 16S rRNA clone libraries and pyrosequencing to generate large numbers of 16S rRNA gene sequences. In addition, sequence analysis directed subsequent culturing efforts.
The results presented here indicate a tremendously expanded spectrum of bacterial phylotypes, including opportunistic pathogens, associated with the CF lung and also point to possible metabolic interactions involving anaerobic bacteria.
Materials and methods

Sputum acquisition and handling
Four sputum samples were collected from four different randomly selected anonymous patients with CF at the Children's Hospital in Boston, MA USA under an IRB-approved protocol and were immediately put on ice until examination, which occurred within 1 h of collection. Each sample was washed three times in 20 ml sterile phosphatebuffered saline pH 7.2, which has been reported to adequately remove contaminating saliva , liquefied by incubation with an equal volume of sterile 1 mM dithiothreitol in phosphatebuffered saline on ice for 1 h with occasional vortexing, and used for DNA isolation and culture study as described below. The remainder of each liquefied sample was preserved for targeted culture study by mixing with 1/2 volume sterile 50% glycerol and storage at À80 1C.
16S rRNA gene amplification, library construction and sequencing DNA was isolated from the liquefied sputum using the Qiagen DNeasy genomic DNA extraction kit protocol D (Qiagen, Valencia, CA, USA), which included a lysozyme step for improved DNA extraction from diverse organisms. The 16S rRNA gene was amplified using bacteria-specific universal primers 27F and 1492R (Lane, 1991) with a proofreading polymerase (Finnzyme Phusion) according to manufacturers' instructions with the following modifications: for each sample, 400 ml PCR reaction mix using 1500 ng template DNA was divided among 8 tubes and run for 18 cycles to minimize PCR bias (Polz and Cavanaugh, 1998) . PCR products were concentrated to 25 ml, gel purified and used as template for three more PCR cycles using fresh reagents to minimize the formation of PCR-induced chimera sequences (Thompson et al., 2002) . PCR products were cloned into Escherichia coli using the pCR4-TOPO plasmid vector (Invitrogen, Carlsbad, CA, USA). Randomly chosen colonies from each library were grown in liquid culture at 37 1C overnight. The 16S rRNA genes were PCR-amplified from each clone using 1 ml culture as template, and PCR primers M13-F and M13-R. PCR products were sequenced unidirectionally using primer 27F.
Taxonomic classification and phylogenetic analysis of 16S rRNA gene sequences The 16S rRNA gene sequences generated from clone libraries and cultured isolates (see below) were manually edited and trimmed to the same length (equivalent to E. coli base positions 105-815) in Sequencher 4.7 (Gene Codes Corp, Ann Arbor, MI, USA). Sequences were clustered into operational taxonomic units (OTUs) by X99% sequence identity, and sequences with the minimum sum of the square of distances between sequences within each 99% cluster were used in the taxonomic and phylogenetic analyses that followed. BLAST (NCBI's blastall version 2.2.15) was used to search each sequence against the GenBank database (the search excluded uncultured and environmental sample sequences). Subsequently, sequences were taxonomically classified using the Ribosomal Database Project (RDP) Naïve Bayesian Classifier tool (Wang et al., 2007) using an 80% confidence threshold.
Sequences were aligned using the SINA aligner (http://www.arb-silva.de), and manually evaluated in MacClade 4.06 (Maddison and Maddison, 2000) . Sequences were then imported into ARB (Kumar et al., 2006) in which the majority of sequences were assigned to phyla based on their position after parsimony insertion into the ARB database dendogram, omitting hypervariable portions of the rRNA gene using a filter based on the Lane mask (Lane, 1991) .
Maximum likelihood trees were constructed with novel and reference sequences selected from the ARB-SILVA database (Version 100; 2009), using RAxML-VI-HPC v2.2 under the GTRCAT model of evolution (Stamatakis et al., 2008) . Thermatoga maritima (M21774), used as an outgroup, was subsequently pruned from the ML trees. Bootstrap resampling (1000 replicates) was used to test the robustness of inferred topologies; values X50% are shown at the tree nodes.
Pyrosequencing of barcoded 16S rRNA gene amplicons For greater sample depth, sputum samples 2, 3 and 4 (for which adequate amounts of DNA were available) were analyzed by massively parallel pyrosequencing of barcoded amplicons. A fragment of the 16S rRNA gene (B330 bp), spanning the V1 and V2 hypervariable regions, was PCR amplified from three sputum samples. Empirical and in silico analyses indicate that the V1-V2 region outperforms other variable regions in reproducing full-length 16S rRNA gene-based taxonomic classifications (Wang et al., 2007; Hamp et al., 2009) . Universal Bacteria primers 27F and 338RII (Lane, 1991; Daims et al., 1999) were modified by adding ligation adaptors and/or MID barcodes (that is, sample identification sequences) to the 5 0 -ends (Supplementary Table S1 ).
PCR was performed using a high-fidelity polymerase (Phusion Hot Start, Finnzymes, Espoo, Finland), at 50 1C annealing temperature, using 1500 ng template in 400 ml volume (split between 8 tubes) and 20 cycles. Amplicons, purified and concentrated to 50 ml using the Promega PCR purification kit (Promega, Madison, WI, USA), quantified spectrophotometrically (NanoDrop 1000, Thermo Scientific) and standardized to 100 ng ml À1 , were used as templates for emulsion PCR using the emPCR kit II (Roche Applied Sciences). DNA was sequenced using a Genome Sequencer FLX and the GS-LR70 kit (Roche Applied Sciences) by the Environmental Genomics Core Facility (University of South Carolina) on LR70 plates following Roche standard protocols.
FASTA-formatted sequences and corresponding quality scores (QC) were extracted from the SFF data file using the GS Amplicon software package (Roche Applied Sciences). Sequences were binned by sample of origin using the unique barcodes, which were removed before downstream analyses. Length and average quality score were evaluated for each read; sequences were culled if the length was o210 bp and 4280 bp, the SFF quality score was o30, they contained any ambiguous base calls (Ns), or did not match the primer or one of the used tag sequences.
Sequences were aligned using the Infernal secondary structure based aligner (Nawrocki and Eddy, 2007) implemented in the RDP pyrosequencing pipeline (http://wildpigeon.cme.msu.edu/ pyro/index.jsp). Aligned sequences were clustered into OTUs defined by 97% similarity using the complete-linkage clustering tool implemented in the RDP pyrosequencing pipeline. Rarefaction curves were calculated using EstimateS (Version 7.5, RK Colwell, http://purl.oclc.org/estimates).
Shannon-Weaver and Chao1 biodiversity indices were calculated for each sputum sample using EstimateS. The Shannon-Weaver index (Shannon and Weaver, 1963 ) is a nonparametric diversity index that combines estimates of richness (the total number of OTUs) and evenness (the relative abundance of OTUs). For example, communities with one dominant species have a low index, whereas communities with a more even distribution have a higher index. Chao1 (Chao, 1987 ) is a nonparametric estimator of the minimum richness (number of OTUs) and is based on the number of rare OTUs (singletons and doublets) within a sample.
Sequences were taxonomically classified by the RDP-II Naïve Bayesian Classifier (Wang et al., 2007; Liu et al., 2008) using an 80% confidence threshold. Sequences that could not be classified to at least kingdom level were excluded from subsequent diversity analyses.
Bacterial isolation and culturing
Sequence data analyses, suggesting the presence of microorganisms not typically detected in a clinical setting, directed subsequent culturing efforts from CF sputum. Samples were plated on different types of solid culture media under aerobic and anaerobic conditions. Liquefied sputum was diluted in 10-fold increments in phosphate-buffered saline, and 100 ml of each dilution was plated on standard Tryptic Soy Broth-blood agar plates aerobically for 'nonselective' isolation of bacteria.
Dilutions of the glycerol-preserved sputum samples were plated on three additional solid media. To imitate the ionic composition of CF sputum, medium AG1 consisted of the salt portion of Synthetic CF Medium (SCFM) (Palmer et al., 2007) supplemented with 0.5% submaxillary porcine mucin (Sigma-Aldrich, St Louis, MO, USA) as the sole carbon and energy source. Medium AG2 included the SCFM salts above, supplemented with 5 g tryptone, 2 g yeast extract, 2 g glucose, 1 g N-acetylglucosamine and 5% sheep blood per liter. Medium AG3, identical to medium AG2, was further supplemented with 20 mM sodium lactate. Each medium was incubated under both aerobic and anaerobic conditions. Anaerobic conditions were created by addition of 0.5 g cysteine-HCl and 1 ml 0.1% resazurin per liter and incubation using the GasPak Anaerobic System (Becton Dickinson, Franklin Lanes, NJ, USA). All plates were incubated at 37 1C and each isolate was single-colony purified at least once.
Purified colonies from each isolate were suspended in 100 ml H 2 O. The 16S rRNA genes were PCR-amplified using 1 ml cell suspension as template with primers 27F and 1492R and sequenced unidirectionally using primer 27F. Sequence data obtained from isolates and clone libraries have been submitted to NCBI GenBank under accession numbers: GQ900752-GQ900888.
Results
Diverse microbial communities were detected in all analyses of CF sputum samples with clone library, barcoded pyrosequencing, and culture analyses revealing a deep reservoir of bacterial diversity. These results indicate that the conventional model based on culturing, which assumes diseased lungs are characterized by bacterial monocultures or limited cocultures, do not accurately represent the genetic and metabolic diversity of the CF microbial assemblage.
16S rRNA libraries
To examine the diversity of bacteria within the CF lung without the bias associated with culture, 16S rRNA gene libraries were constructed from four sputum samples. Between 90 and 220 clones (B800 bp) were sequenced from each (Table 1) . A total of 38 OTUs (X99% sequence identity) were present in the combined libraries. These 38 OTUs represent 22 genera from 6 bacterial phyla (Figure 1 and Supplementary Figure S1 ), 11 of which were unique to a given sample (Supplementary Figure  S2B) .
The majority of the clone library diversity occurred within the Bacteroidetes, Fusobacteria and Firmicutes phyla (Figure 1 and Supplementary Figure S1 ), thus resembling other human microbiomes (Pei et al., 2004; Eckburg et al., 2005; Bik et al., 2006) . P. aeruginosa was the only Proteobacteria species consistently detected across all libraries (based on 499% similarity by BLASTN analysis and ML phylogeny) (Supplementary Figure  S1A) . While sequences from typical cultured CF pathogens, for example, P. aeruginosa and S. aureus, were identified, many phylotypes corresponding to organisms not routinely cultured from CF samples were also detected (Figure 1 and Supplementary Figure S1 ). For example, anaerobic organism phylotypes, including those typically found in the oral cavity (Aas et al., 2005; Keijser et al., 2008) , were detected at relatively high frequency (Figure 1 and Supplementary Figure S1 ). These include the genera Streptococcus (Firmicutes) and Rothia (Actinobacteria), which are fermentative, facultative anaerobes that produce lactate as a primary metabolic end product, as well as diverse obligate anaerobes in the genera Bacteroides, Prevotella, Porphyromonas (Bacteroidetes) and Veillonella (Firmicutes).
In addition to these anaerobes, never-before cultured phylotypes were also detected. Clones were found in two sputum libraries with high sequence identity (99.3-100%) to members of the candidate phylum TM7 (Figure 1 and Supplementary Figure S1D ), an uncultured bacterial clade detected in a variety of environments, ranging from hydrothermal vents to the human mouth (Hugenholtz et al., 2001; Paster et al., 2001; Tringe et al., 2008) . Other clones for which no corresponding cultured species are known (defined as o97% rRNA gene sequence identity) included sequences most similar to the genera Bacteroides, Bergeyella, Butyrivibrio, Lachnospira, Prevotella, Porphyromonas and Terrimonas (Supplementary Figure S1) .
Pyrosequencing
The application of massively parallel pyrosequencing to sputum samples from the CF lung allowed for a much greater depth of sampling of the microbial diversity than either clone libraries or culture; this method allows for the detection and identification of 16S rRNA sequences that comprise a smaller fraction of the PCR amplicon pool, including potential pathogens. Between B34 000-68 000 high-quality pyrosequences were analyzed per sputum sample with more than 1000 distinct sequences (100% identity over B230 nucleotides) detected in each of the three samples (Table 2) . When sequences were grouped based on 97% identity, to account for possible sequence errors (Kunin et al., 2009 ), B200-300 sequence clusters were identified per sample. Diversity estimators were computed for each sample using the OTUs (97%) ( Table 2 ). ShannonWeaver diversity indices, which denote the relative OTU abundance, for samples 2 (1.15) and 3 (1.39) were similar but the Shannon-Weaver index of sample 4 (2.64) was higher ( Table 2 ), indicating that this community is more diverse despite the lower number of observed OTUs (lower richness). Abbreviations: CF, cystic fibrosis; ID, DNA identity; OTUs, operational taxonomic units; RDP, Ribosomal Database Project. The numbers of phyla and genera are based on taxonomic classification by the RDP Naïve Bayesian Classifier.
The Chao1 minimum richness estimates indicate that sputum samples 2 and 3 did not reach the plateau with the current sequencing effort ( Table 2) . The Chao1 estimate for sample 4 (B243) is in close agreement with the observed number of OTUs (231). Indeed, rarefaction curves (Figure 2a ) of samples 2 and 3 did not become asymptotic by B35 000 reads, whereas sample 4 approached saturation, indicating that the OTU diversity was almost completely covered. Sequence clusters (97% similarity) were assigned to eight bacterial phyla (Figures 1 and 2d) , two of which (Tenericutes and Spirochetes) were not found by 16S clone library analysis or culturing (Figure 1) . Figure 1 (a, b) Bacterial genera detected in CF sputum samples by 16S rRNA gene clone libraries, bacterial culturing and pyrosequencing. The abundance of pyrosequencing reads attributed to different genera within samples 2, 3 and 4 is shown in bar graphs (log scale). Sample 1 did not generate adequate amounts of DNA for pyrosequencing analysis. In panel a, diamond (E) indicates a singleton. Genus designation was determined using the RDP Naïve Bayesian Classifier tool. Traditional CF pathogens are in red and indicated by an asterisk (*). The color reproduction of the figure is available on the html full text version of the paper.
The eight phyla comprised 460 bacterial genera (Table 2 and Figure 1 ). Nineteen genera were shared between all three sputum samples analyzed by pyrosequencing (Figures 1 and 2c) , eight of which were also found using 16S rRNA clone libraries and culture techniques. Thus, these genera may represent a core of organisms common within the CF lung. A surprising number of reads were attributed to genera known to include opportunistic pathogens (Supplementary Table S2 ).
As in the 16S clone library analysis, the most common bacterial genus detected was Pseudomonas; 101 480 pyrosequences were assigned to this genus (Figure 1 ) with all but three sequences being most similar to P. aeruginosa (determined by BLASTN; X99% sequence identity). P. aeruginosalike sequences comprised, on average across all three samples, 67% of the entire PCR amplicon pool (range ¼ 16-95%). The next most common bacterial genera were Streptococcus (21% average frequency), Rothia (3%) and Prevotella (3%). The rest of the genera found within one or more of the samples comprised o1% of the total amplicon population. Numbers of phyla and genera are based on taxonomic classification by the RDP Naïve Bayesian Classifier. The Shannon-Weaver index combines estimates of richness (total number of OTUs) and evenness (relative abundance). Chao1 is an estimator of the minimum richness and is based on the number of rare OTUs (singletons and doublets) within a sample.
Bacterial isolation and culturing
A culture-based approach with subsequent 16S rRNA gene sequencing was used using both standard and nonstandard media under aerobic and anaerobic conditions (Figure 1 and Supplementary Figure S1 ). As expected, P. aeruginosa, S. aureus and Stenotrophomonas maltophilia, detected in the 16S clone libraries and classically cultured from CF samples, were isolated from the samples on standard, 'nonselective' media (aerobic Tryptic Soy Broth-blood agar). Atypical CF species and genera, detected in the 16S clone and pyrosequencing libraries, were also isolated using these media, including Streptococcus mitis strains, Rothia dentocariosa and Rothia mucilaginosa. Anaerobic bacteria that constituted major components of the clone and pyrosequencing libraries were specifically targeted for isolation by inclusion of cysteine in the culture medium and incubation without O 2 . Both obligate and facultative anaerobic bacteria were cultured with little difficulty under these conditions, including Prevotella, Porphyromonas, and Gemella species (Figure 1 and Supplementary Figure S1 ).
Discussion
Microbial phylogenetic diversity
The CF lung harbors a remarkably diverse population of microorganisms within eight bacterial phyla, comprising 460 genera, including facultative and obligate anaerobes, oral bacteria and opportunistic pathogens, many of which have never before been found in the CF lung (Figure 1 ). The generation of this novel result is due to the use of barcoded amplicon pyrosequencing in addition to 16S rRNA library sequencing, which subsequently directed culture attempts. These results indicate that traditional culture-and cloning-based methods are insufficient to describe the microbial populations present in the CF lung (Figure 1 and Supplementary Figure S2A ), consistent with recent molecular studies Harris et al., 2007; Bittar et al., 2008; Armougom et al., 2009) . The microbial diversity detected is not surprising given that the CF lung environment is warm, humid and organic-rich, thus creating favorable conditions for proliferation of many organisms. CF lung conditions also limit the activities of several arms of the innate defense system, in particular mechanical removal of organisms by mucociliary clearance (Bals et al., 1999) . The majority of the genera detected both by culture and molecular methods have been also been reported in the human oral and nasal cavities, including Capnocytophaga, Fusobacterium, Neisseria, Porphyromonas, Prevotella and Veillonella strains, as well as sequences related to the Lachnospiraceae, Spirochetes and TM7 clones (Paster et al., 1998 (Paster et al., , 2006 Pei et al., 2004; Aas et al., 2005) . Although the possibility that these organisms were due to oral contamination cannot be excluded, this is unlikely as each sputum sample was washed thoroughly following conventional protocols to remove saliva. As expectoration of CF patient sputum certainly contaminates saliva on a routine basis, organisms common to both environments could be explained by (1) saliva contamination of sputum; (2) sputum contamination of saliva; or (3) similar organisms present in both at the time of sample collection. Microorganisms associated with the oropharyngeal cavity may be repeatedly introduced into the lungs of CF patients by normal breathing or by aspiration of saliva during exacerbation. With the diminished clearance of mucus, these microorganisms may be able to colonize and persist. Alternatively, a recent metagenomic examination of indoor, recirculated air detected the presence of many putative human-associated microorganisms, revealing another possible inoculum for the CF lungs (Tringe et al., 2008) . As 'normal' human lungs are generally not considered to be colonized (Flanagan et al., 2007) , samples from healthy patients would not be informative controls.
Facultative and obligate anaerobes associated with CF A few of the bacteria detected by culture and sequence analyses (for example, Veillonella, Prevotella and Porphyromonas) found in this study are obligate anaerobes. Although it may initially be surprising to think of the human lung as having anaerobic niches, mucus is often primarily anoxic (Worlitzsch et al., 2002) . Diffusion of O 2 through thick mucus is slow, and bacterial respiration is fast (Matsui et al., 2006) . Therefore, microaerophilic or anaerobic pockets in the CF lung may be the rule rather than the exception in vivo, suggesting that anaerobes and microaerophiles could be significant members of the CF lung microbial populations (Alvarez-Ortega and Harwood, 2007) . Indeed, diverse anaerobes were recently cultured from a variety of CF samples, providing additional support that such bacteria may be a common component in the CF lung (Tunney et al., 2008) . Further evidence in support of the importance of anaerobes comes from the recent detection of lactate in CF sputum (Palmer et al., 2007) . Many of the genera detected in our study are known to produce lactate as a fermentation end product (for example, Staphylococcus, Streptococcus and Rothia strains). Further, lung epithelial cells can secrete lactate under both physiological and pathophysiological conditions (De Backer et al., 1997) . Notably, Veillonella is characterized by the ability to consume lactate anaerobically for growth (Ng and Hamilton, 1971; Seeliger et al., 2002) , suggesting that these organisms could interact metabolically with lactateproducing bacteria in the CF lung microbial community. Given that strict anaerobes require a reducing agent in the growth medium, they are likely to be missed in most clinical culture-based tests using standard aerobic (selective) media.
Opportunistic pathogens
In addition to the two most abundant genera (Pseudomonas and Streptococcus) in the clone and pyrosequencing libraries (Figure 1 ), more than 60 genera were detected, although some at low (o1%) frequency. These less common organisms might be clinically relevant as many are related to opportunistic pathogens not previously identified in CF samples (Supplementary Table S2 ). Although CF does not cause immunodeficiency, CF patients' innate defenses appear to be impaired and they succumb to opportunistic pathogen infections in much the same way as immunocompromised patients (Govan and Deretic, 1996; Tummler and Kiewitz, 1999) .
A few of the obligate anaerobes found through alternative culture techniques (for example, Veillonella, Prevotella and Porphyromonas) are also opportunistic pathogens. Given that potential pathogens remain undetected by traditional culture-based analysis, culturing conditions need to change and diagnostic tools that are independent of culture need to be incorporated into clinical screening of CF patients.
Microbial interactions CF patient deterioration is largely an indirect effect of infection; lung damage is predominantly the result of a neutrophil-dominated chronic inflammatory response to the bacteria (Page and Kornman, 1997) . Thus, the diverse bacteria detected, including uncultured organisms, may contribute to the inflammatory response. Consistent with this hypothesis is the observation that the first signs of inflammation in infants generally predate the presence of culturable organisms (Balough et al., 1995; Khan et al., 1995) . Although these data have been interpreted to mean that CF pathology contains an additional immune component, an alternative explanation is that uncultured bacteria infect the CF lung early on in life. The clinical importance of uncultured organisms such as the TM7 and unclassified Clostridiales and Bacteroidetes merits investigation.
Although possible interactions among bacterial species in CF bronchial infections have been largely ignored, several studies have begun to elucidate the ways in which microorganisms might interact within the CF lung. For example, some strains from oropharyngeal sputum samples of CF patients modulate gene expression of P. aeruginosa, causing increased virulence of P. aeruginosa in a rat lung infection model (Duan et al., 2003) . P. aeruginosa cells lyse S. aureus and can also inhibit the growth of Staphylococcus epidermis through membrane vesicles . In vitro studies on interactions between the fungus Candida albicans, a known colonizer of the CF lung, and P. aeruginosa reveal an antagonistic effect of P. aeruginosa cells on the filamentous form of C. albicans (Hogan and Kolter, 2002) . All these studies involved isolating microorganisms first and then investigating pairwise interactions in vitro and may represent only 'the tip of the iceberg' of a dynamic and interactive microbial community in the CF lung. As such, viewing the CF lung as an environmental habitat, with niches ranging from oxic to anoxic, and complex microbial communities and interactions rather than a mono-or coculture, could lead to a better understanding of the clinical repercussions various bacteria have in disease progression, and may facilitate advances in the treatment of CF and other polymicrobial diseases.
